5
the ∆laeA mutant and wild type E. festucae suggested a regulatory role for LaeA on 119 the expression of genes for plant cell wall degradation, fungal cell wall composition, 120 secondary metabolism and small-secreted proteins [12, 37] .
121
Based on the knowledge of regulatory roles of VelA on different fungal 122 transcriptome profiles and our findings of VelA importance in E. festucae 123 metabolism and development and successful symbiosis [11] , we hypothesised that 124 VelA may be involved in regulating the E. festucae transcriptome. In this study, a 125 set of comparative transcriptomics analyses of ∆velA mutants versus wild type E. 126 festucae in culture, in infected seedlings and in infected mature plants was 127 performed. In addition, these results were also compared to the transcriptomics 128 analysis of ∆laeA versus wild type E. festucae in seedlings [12, 37] and in culture.
129
We identified a specific set of VelA regulated genes that define possible processes 130 required for this symbiotic interaction.
131

Results
132
Choosing the conditions for transcriptomics studies
133
The regulatory effects of VelA on E. festucae were determined using 134 comparative transcriptomics analysis of wild type and ∆velA mutant strains grown 135 under three different conditions; in culture, during the early stage of infection (in 136 seedlings) and in mature infected plants (Table 1) . These results were also compared 137 to the transcriptomics analysis of ∆laeA versus wild type E. festucae in seedlings 138 [12, 37] and in culture.
139
In order to choose the best time for the transcriptomics study, velA 140 expression was examined in wild type E. festucae under the three different 141 conditions (in culture, in seedlings and in mature infected plants) employed.
142
As we showed previously, the highest velA expression in culture is under 143 nutrient deprivation (water agar plates) and the lowest expression is in nutrient 144 replete medium (PDA) [11] . Similar results were observed for laeA expression in 145 different media [12] . Because for artificially infecting ryegrass plants with Epichloë, 146 normally fungi that is growing for two weeks in PDA medium use as inoculum, for 147 in culture transcriptomics study also same fungi in PDA medium was used.
6
For the seedling study, expression of the velA gene was examined after 149 inoculating seedlings with wild type E. festucae, growing in both the light and dark, 150 at four time points post-inoculation (24 HPI, 2.5 DPI, 6 DPI and 14 DPI) . Expression 151 of velA increased over time and showed the highest expression 14 DPI. At all-time 152 points, higher expression was detected from seedlings growing under light compared 153 to the dark (Fig1a). As we showed before, the highest laeA expression was also at 154 14 DPI although it was not a gradual increase as was the case with velA [12] . In 155 addition to velA and laeA having the highest expression at 14 DPI, this time point 156 also correlated with when ∆velA and ∆laeA mutant inoculated seedlings began to die 157 [11, 12] . Because of these reasons, 14 DPI was chosen to study the requirement of 158 velA and laeA on the expression profile of E. festucae during infection of perennial 159 ryegrass.
160
In mature plants, as we showed before, old blades have the highest velA 161 expression compared to other tissues [11] so this was also used in the current 162 transcriptomics study.
163
The relative expression of velA and laeA in culture, in seedlings and in 164 mature plants was assessed using qRT-PCR. velA showed higher expression in 165 seedlings compared to mature plants. This is opposite to the expression of laeA under 166 the same conditions suggesting that velA and laeA exert different effects on the early 167 stage of infection ( Fig. 1b ).
168
General description of RNA-sequencing results
169
Higher numbers of reads were generated from in culture samples compared 170 to seedlings and mature plants ( Fig. S1a and Table S2 ). Although similar numbers 171 of reads were generated for both seedling and mature plant samples ( Fig S1a) only 172 1.84% of total reads from mature plants mapped to the E. festucae genome compared 173 to 6.28% from seedlings (Table S2 ) which is indicative of the higher fungal biomass 174 (relative to plant tissue) in seedlings.
175
Multidimensional scaling (MDS) analysis of the 1,000 most highly 176 expressed genes shows that all in planta replicate samples clustered very close to 177 each other but were separated from in culture samples (Fig. S1b ).
7
Genes with equal or greater than two times fold changes and a FDR (false 179 discovery rate) equal or less than 0.05 were counted as differentially expressed genes 180 (DEGs) (Fig 2a) . The percentages of DEGs observed in the S ∆velA-WT comparison 181 was higher than other velA and laeA related comparisons. In S ∆velA-WT 182 comparison 5.1 and 1.3 times more DEGs compared to IC ∆velA-WT and IP ∆velA-183 WT comparisons were observed which indicates a significant impact of the growth 184 conditions on the number of DEGs in the ∆velA mutant. Only 10% and 23.5% of 185 DEGs (29 and 69 genes) in the S ∆velA-WT comparison was common with DEGs 186 in the IC ∆velA-WT and IP ∆velA-WT comparisons, respectively (Fig 2b) .
187
In the IC ∆laeA-WT comparison there was almost 2 times more DEGs 188 compared to IC ∆velA-WT and only 15.38% (22 genes) of them are common ( Fig.   189 2a and b). DEGs in S ∆laeA-WT are around 26% less than S ∆velA-WT but similar 190 to IP ∆velA-WT ( Fig. 2a ). More than 69% of the DEGs in S ∆laeA-WT are 191 downregulated but in both S ∆velA-WT and IP ∆velA-WT a similar percentage of 192 DEGs are up and down-regulated ( Fig. 2a ). DEGs in S ∆laeA-WT comparison had 193 52% and 31% (112 and 67) in common with S ∆velA-WT and IP ∆velA-WT 194 comparisons, respectively, which indicates different regulatory effects of LaeA and 195 VelA on the fungal transcriptome during interaction with its host (Fig. 2b ).
196
There are 182 DEGs common in transcriptomes of three E. festucae mutants 197 (∆proA, ∆noxA, and ∆sakA) which were proposed to form a core set of Epichloë 198 genes that distinguished mutualistic from antagonistic symbiotic states [20] . Our 199 results for the S ∆velA-WT and IP ∆velA-WT comparisons showed that only 46 and 200 49 genes were in common with the proposed core set from Eaton et al, respectively 201 ( Fig. 2b) . Thus, not all the core genes identified in the Eaton et al. (2015) study are 202 required for distinguishing mutualistic from antagonistic symbiotic states.
203
IP ∆velA-WT fold change range (524.7 to -99.8) was 13 and 7 times greater 204 compared to IC ∆velA- ) and S ∆velA-WT (13.2 to -66.2) 205 comparisons, respectively ( Fig. 2c and Fig. S1c ). Interestingly, IC ∆laeA-WT (33.7 206 to -16.0) and S ∆laeA-WT (12.6 to -56.3) showed similar fold change ranges with 207 IC ∆velA-WT and S ∆velA-WT, respectively ( Fig. 2c and Fig. S1c ). [11, 12] . Differential expression 228 of these genes in different comparisons showed that laeA expression in IC ∆velA-
229
WT and S ∆velA-WT comparisons was up regulated. However, velA expression did 230 not change significantly in ∆laeA mutant related comparisons (Table S4 ) which 231 suggests that whilst VelA negatively regulates the expression of the laeA gene, LaeA 232 does not have any significant influence on the expression of velA. The expression of 233 other members of the velvet family did not changed significantly in any of the ∆velA 234 or ∆laeA mutants (Table S4 ). (Table 2) .
253
The genes with the highest fold changes (more than four times) were 254 involved in transporting different compounds such as nitrogen, peptides, hydrogen 255 ion and carboxylic acid. There are two genes, EfM3.012390 and EfM3.039020, 256 involved in nitrogen transport. EfM3.012390, which was only differentially 257 expressed in the IP ∆velA-WT comparison (4.9-fold up-regulated), is a homologue 258 of a nitrate transporter, CrnA, from Emericella nidulans and has been shown to be 259 involved in nitrogen metabolite repression [38] . EfM3.039020, which was up- 
265
These results suggest that ∆velA and ∆laeA mutants may be nutrient starved 266 during interaction with seedlings or mature plants. [42] . Searching against this database showed that 25 genes in 13 PCWDE families 275 are present in E. festucae (Table S5) .
276
In addition, the larger Carbohydrate-Active enZYmes (CAZyme) database 277 [43] , which includes the families of enzymes that assemble, modify, or breakdown 278 oligo-and polysaccharides was checked [43] . The presence of 310 genes in E.
279
festucae that are homologues with CAZyme families [20] were analysed for DEGs 280 across the different comparisons (Fig. S3 ). The number of DEGs with homologues 281 to CAZyme families was almost ten times and two times increased in S ∆velA-WT 282 compared to IP ∆velA-WT and IC ∆velA-WT, respectively, and two times increased 283 in S ∆laeA-WT compared to IC ∆laeA-WT ( Fig. S3 ). These results indicate the 284 importance of VelA and LaeA on the expression of CAZyme genes during the E.
285
festucae interaction with its host plant.
286
All DEGs with plant cell wall degrading activity are summarised in table 3.
287
No DEGs belonging to cellulases, xylanases, cutinases or pectinases were detected 288 for the in-culture comparisons. No DEGs with cellulose degradation activity was 289 detected for S ∆velA-WT and IP ∆velA-WT comparisons but two DEGs with 290 cellulose activity were detected in the S ∆laeA-WT.
291
Three DEGs, EfM3.040190, EfM3.005420 and EfM3.037040, with 292 hemicellulose activity were detected (Table 3) (Table 3 ). EfM3.037040 is a 296 homologue of xylanase C (XynC) from Cellvibrio japonicus which hydrolyses 297 hemicellulose (Kellett et al., 1990) . This gene was 4.3, 4.3 and 69.6 fold up-regulated 298 in ∆laeA-WT, S ∆velA-WT and IP ∆velA-WT comparisons, respectively.
11
EfM3.040190 is a homologue of endo-1,4-beta-xylanase 2 (xyl2) from Claviceps 300 purpurea [44] and was 3.3, 3.9 and 83.5 fold up-regulated in S ∆laeA-WT, S ∆velA-301 WT and IP ∆velA-WT comparisons, respectively. In addition to these two genes 302 another DEG was observed with hemicellulose activity, EfM3.005420, that is a (Table S6 ).
380
Of the 11 genes involved in ergovaline production (EAS cluster genes) [58] 381 only 1 gene, lpsB, was up-regulated in the IP ∆velA-WT comparisons whereas all 382 genes were down-regulated in the S ∆velA-WT comparisons, which was similar to 383 the S ∆laeA-WT comparison (Table S6 , Fig 3a) .
384
Of the ten known genes for indole-diterpene biosynthesis, four genes were 385 significantly down-regulated in the IP ∆velA-WT comparison. In the S ∆velA-WT 386 comparison none of the genes were differentially expressed, which is in stark 387 contrast to the S ∆laeA-WT comparison where eight genes were down-regulated.
388
This indicates very different regulatory roles of velA and laeA genes on fungal 389 secondary metabolite regulation in E. festucae (Table S6 , Fig. 3a ).
14 The expression of perA, the sole gene required for peramine biosynthesis, 391 was not differentially expressed in any comparison (Table S6 , Fig. 3a ).
392
The transcriptomics results were validated by qRT-PCR of dmaW, ltmG and 393 perA, the first gene from the ergovaline, lolitrem B, and peramine pathways, 394 respectively, in all three different conditions using wild type, mutant and 395 complemented strains (Fig. 3b) . Results validated the transcriptomics results ( Fig.   396 3b).
397
To correlate alkaloid pathway gene expression results, different alkaloids 398 concentrations were also measured in infected three-months-old ryegrass plants 399 infected with wild type and ∆velA mutant E. festucae (Fig. 4a ). Of the seven ergot 400 alkaloid compounds that were measured two of them, lysergic acid and 401 elymoclavine, were not detected. For the remaining five compounds, the mean 402 concentrations in the wild type-infected plants were higher than ∆velA-mutant 403 infected plants but only ergine was statistically significant (Fig. 4a ). Of the 23 404 indole-diterpene alkaloid compounds that were measured, the mean concentrations 405 of the ∆velA-mutant infected plants were higher with 17 of them being statistically 406 significant (Fig. 4a) . For peramine the mean concentration in ∆velA mutant infected 407 plants was also higher but it was not statistically significant (Fig. 4a ).
408
We previously reported alkaloid production in three-month-old ryegrass 409 plants infected with wild type and ∆laeA mutant E. festucae [12] (Fig. S7) . The 410 differences of mean concertation of wild type infected plants to ∆velA mutant 411 infected plants were compared to the mean concentration differences of wild type 412 infected plants to ∆laeA mutant infected plants (Fig. 4b) . Results show lower 413 concentrations of most of indole-diterpene alkaloids in the ∆laeA mutant infected 414 plants which is opposite to that seen for ∆velA mutant infected plants (Fig. 4b ).
415
In addition to these 3 alkaloid clusters, 29 other clusters, 191 genes, which 416 putatively encoding secondary metabolites in E. festucae Fl1 [6] also were examined 417 (Table S6 ). Heat maps generated for all 32 clusters in E. festucae showed that most 418 of them are down regulated in ∆velA mutant infected plants (Fig. 5a) , showing that 419 VelA positively regulates secondary metabolite gene expression in E. festucae. Of 420 the 32 clusters 12 contained at least one gene differentially expressed in one of the ∆velA related comparisons, nine in IP ∆velA-WT, ten in S ∆velA-WT and three in IC 422 ∆velA-WT have DEGs (Fig. 5b, left panel) . In the ∆laeA related comparisons, also 423 12 clusters contained at least one gene differentially expressed in one of the 424 comparison, eleven in S ∆laeA-WT and five in in IC ∆laeA-WT (Fig. 5b, left panel) , 425 but these clusters are not all identical to the ones in the ∆velA related comparisons.
426
Clusters 20, 29 and 38 are unique to ∆velA related comparisons and clusters 10, 35 427 and 50 are unique to ∆laeA related comparisons (Fig. 5b ).
428
Our results show that VelA, similar to LaeA, is a key regulator for secondary 429 metabolites gene expression and production in E. festucae. However, it seems VelA 430 and LaeA exert different regulatory effects. Table S7 ). Although the S ∆velA-WT 439 comparison had the highest number of SSPs (Fig. 6a ) the IP ∆velA-WT comparison 440 had a much broader range of fold changes (72.4 and -99.8) (Fig. 6b ). velA and laeA 441 showed different regulatory effects on SSPs across the different conditions ( Fig. 6c ) 442 with some being unique to particular conditions (Fig. 6d ).
443
Most of the predicted gene products have no homologues with annotated 444 molecular function except four genes EfM3.001305, EfM3.001310, EfM3.055320 445 and EfM3.079420 (Table S7) showed the highest differential gene expression and were down-regulated.
candidates were also down regulated in all S ∆velA-WT, IP ∆velA-WT and S ∆laeA-458 WT comparisons (Table S7 ). 
472
The numbers of DEGs in S ∆velA-WT and IP ∆velA-WT comparisons were 473 5.1 and 3.9 times, higher than IC ∆velA-WT, respectively. This suggests that VelA 474 has a stronger regulatory effect when growing in seedlings and mature plants under 475 likely nutrient limited conditions, compared to PDA culture, a nutrient rich 476 condition. This also correlates with our previous report that showed much higher 477 expression of velA under nutrient limited medium (water agar) compared to nutrient 478 rich medium (PDA) [11] , which is similar to LaeA [12].
479
The small proportion of DEGs common between IC ∆velA-WT, S ∆velA- proteins. In these three functional categories, DEGs in the IP ∆velA-WT comparison 504 showed higher differential expression with more genes involved, compared with 505 seedling comparisons, although total DEGs in this comparison was not higher than 506 others. This suggests that VelA has stronger regulatory influence on fungal gene 507 expression for these three functional categories during interaction with mature plants 508 compared to the early stages of infection.
509
Fungal transporters of nitrate, ammonium, peptides and carboxylic acid 510 were up-regulated in mature plants infected with the ∆velA mutant, while in 511 seedlings inoculated with ∆velA and ∆laeA mutants peptide and ammonium 512 transporters were up-regulated. This may suggest that in these associations, fungi are 513 under starvation conditions, especially in mature infected plants as was previously 514 suggested for sakA, noxA and proA mutants interactions [20] . The observed abnormal in planta hyphal growth of ∆velA mutant fungi and invasion of vascular 516 bundles are a sign of starvation and these hyphae may be acting as a sink to absorb 517 nutrients from host phloem [11] . Our in vitro analyses also show that ∆velA and 518 ∆laeA mutants under starvation conditions grow abnormally but under rich 519 conditions mostly grow normally [11, 12] . Also in vitro analyses of velA expression 520 showed highest levels of their transcripts under starvation conditions [11] . Based on 521 these observations, we speculated that in E. festucae during in planta growth, high 522 expression of velA suppresses transporters and other starvation-response genes so 523 that the fungus stops growing, leading to the growth restriction observed in wild type 524 associations. Deleting velA in E. festucae changes its mutualistic interaction with 525 ryegrass to a more antagonistic one and mutant fungi caused death in most inoculated 526 plants. It has been shown that nitrogen metabolism generally plays a key role in 527 pathogenicity [67, 68] . However, other than nitrogen transporters no predicted genes 528 involved in nitrogen metabolism were found to be differentially expressed in this 529 study. Possibly, changes in nitrogen transport may contribute to the host death, with 530 increased fungal growth and insufficient nutrition for the seedling. This is supported 531 by a comparative transcriptomics study of the Botrytis cinerea interaction with 532 Phaseolus vulgaris in which it was suggested that up regulation of 2% of DEGs that 533 encode sugar, amino acid and ammonium transporters and glycoside hydrolases is 534 the reason for the virulence disability of the ∆velA mutant fungus [34] . It was also 535 suggested that the transcriptomics pattern in this study is a sign of the ∆velA mutant 536 response to nutrient starvation conditions [34] .
537
In different transcriptomics analyses, VelA regulatory effects on secondary 538 metabolite gene clusters were shown in different fungi [27-31, 33, 35] . In this study, 
590
Methods
591
Sample preparation 592
Total RNA was extracted from samples comprising fungus grown in culture, 593 perennial ryegrass seedlings and mature perennial ryegrass plants (Table 1) . For 594 culture conditions, E. festucae wild type and ∆velA mutant strains were grown for 595 two weeks on cellophane covered PDA medium in full darkness prior to harvest.
596
Seedlings were grown and harvested as previously described [37] . 7-10 d old 597 endophyte-free seedlings of perennial ryegrass (L. perenne 'Nui') were inoculated 598 with wild type and ∆velA mutant strains E. festucae, which were grown for two 599 weeks on PDA medium. Inoculated seedlings, grown for two weeks under 16 h of 600 650 W/m 2 light and 8 h dark and after freezing, samples from 4 cm upwards and 0.5 601 cm downwards from the meristem were collected for RNA extraction and around 602 100 seedlings for each sample were pooled in three replicates for each treatment.
603
For the mature plants, the top 4 cm of the newest mature blade of infected 604 plants with different strains were collected in three replicates (three mature plants 605 infected with the same strain) for each treatment.
606
RNA quality and quantity were determined using an Agilent 2100 607 Bioanalyzer (Agilent Technologies), Nanodrop Lite spectrophotometer (Thermo 608 scientific) and gel electrophoresis using a 1% agarose gel. RNA samples on dry ice 609 were sent to the Beijing Genomics Institute (BGI, Hong Kong) for sequencing and (http://www.bgi.com/services/genomics/rna-seqtranscriptome/#tab-id-2). Samples 612 were sequenced in two lanes of an Illumina HiSeq4000 (paired end, 100-bp reads).
613
RNA extraction and quantitative real-time RT-PCR analysis 614
RNA extraction and complementary DNA (cDNA) were synthesised from 2 615 μg of RNA and Real time qPCR was performed with 1 μl of cDNA as described 616 previously [12] using primers that amplified target genes (Table S1 ). RNA samples 617 alone (no reverse transcription) and water-only (no template) controls were used to 618 detect gDNA and experimental contamination. Comparative ΔCt normalized to 619 gamma actin and 60S ribosomal protein L35 was used to calculate transcription 620 levels by using the geNorm algorithm automated in CFX manager software (Bio-621 Rad).
622
HiSeq results analysis 623
HiSeq results analysis were done as described in Rahnama et al. (2019) [37] by 624 using a combination RNA-star version 2.5.0c [69] , for mapping the HiSeq reads against 625 the genome dataset of E. festucae Fl1, with EdgeR package version 3.10.5 [70] , for 626 counting the mapped genes. Fold changes and p-values were generated using Exact Tests 627 for differences between two groups of Negative-Binomial Counts.
628
Gene ontology (GO) and functional annotation analysis of differentially 629 expressed genes were performed as described in Rahnama et al. (2019) 
